The structure and expression of the cpc operon encoding phycocyanin subunits and linker polypeptides in a phycocyanin-deficient mutant (PD-1) and the wild-type of Synechocystis PCC 6714 were analyzed. The results of sequence and Northern blot analyses of the wild type indicate that the cpc operon consists of cpcB, cpcA, cpcC1, cpcC2 and cpcD, in that order. The levels of the transcripts in PD-1 were one-tenth to one-sixth as high as those in the wild type. In the PD-1 genome, a single-base substitution of C for T has occurred at base 259 upstream of the translational initiation codon of cpcB (at three bases downstream of the putative -10 region). To evaluate the in vivo transcription activities of these promoters in a cyanobacterium, we constructed vectors for the transformation of Synechococcus PCC7942, pANY1 and pANY2, which contain the upstream region of cpcB of the wild type (pANY1) or PD-1 (pANY2) and the promoter-less luxAB fusion. The bioluminescence of the transformants with pANY2 was one-tenth to one-sixth as high as that with pANY1. The coincidence of the results of Northern analysis and the promoter assay shows that the phycocyanin deficiency of PD-1 is due to the single-base substitution in the upstream region of the cpc operon.
Introduction
Photosynthetic pigments are located in three types of functional protein complexes, i.e. light-harvesting, PSI and PSII complexes. Pigments in the first type function as a lightharvesting antenna for photochemical reactions in the latter two types. In cyanobacteria, the primary light-harvesting antenna for PSII is a phycobilisome, which consists of phycobiliproteins and linker polypeptides. Phycocyanin (PC), a kind of phycobiliprotein found in all naturally occurring cyanobacteria, is located in peripheral rods in phycobilisomes (Bryant 1982) . PC contains two subunits, a and b, which are the products of the cpcA and cpcB genes, respectively, and phycocyanobilin. The gene destruction of cpcA or cpcB induces a PC-less phenotype due to instability of the proteins (Plank et al. 1995) . Some genes coding for PC and linker polypeptides in phycobilisome rods constitute the cpc operon (Sidler 1994) .
In a mutant strain, PD-1, of Synechocystis PCC 6714, the content of PC, a major light-harvesting pigment (LHP) in the wild type, was one-third as high as that in the wild type, although the maximum photosynthetic activities as well as the contents of photosystems and Chl in PD-1 were almost the same as in the wild type (Nakajima and Ueda 1997) . However, the reason for the PC-deficiency of this strain has not been reported. It is considered that the mutation in PD-1 would be attributable to a defect in PC subunits and/or linker polypeptides. The defect might be caused by reduction of the rate of biosynthesis or stability of the polypeptides or phycocyanobilin in PC, or the linker polypeptides. In this study, we examined the cause of the mutation in PD-1.
For microalgal mass production, a reduction of the content of LHP is considered to be of benefit for improving the productivity (Benemann 1989) . This was confirmed to be effective using PD-1 (Nakajima and Ueda 1999) and a small-LHP mutant of a green alga, Chlamydomonas perigranulata LHC-1 (Nakajima et al. 2001 ). These mutants showed 1.5 times the productivity of the wild types in a continuous culture system at high densities under high light intensities. However, these mutants were obtained by chemical or UV mutagenesis, and with such methods much time would be needed to isolate mutants of various species of microalgae. If the technique of reducing the content of PC is applicable in other strains, improvement of the productivity could be more realistic. To investigate this possibility, we introduced a DNA fragment including the mutation site into a transformable strain, Synechococcus PCC 7942, and then evaluated its effect in other genus of cyanobacteria.
Results

Analysis of cpc operons in Synechocystis PCC 6714
The absorption spectra of the wild type and PD-1 are pre-sented in Fig. 1 . The absorption around 620 nm was clearly less in PD-1, and the PC content of PD-1 was one-third that of the wild type. Other differences between the two cell types have not been detected (Nakajima and Ueda 1997) .
To clarify the mutation site in PD-1, we investigated the structure and expression of cpc genes which are involved in the biosynthesis of PC, in the wild type and PD-1. The pattern on Northern analysis of the wild type suggested that cpcA, cpcB, cpcC1, cpcC2 and cpcD constitute an operon (Fig. 2 , data not shown for cpcA, cpcC1 and cpcC2). Then, we determined the complete sequence of the cpc operon in the wild type (from the translational start codon of cpcB to 280 bp downstream from the stop codon of cpcD, EMBL/GenBank/DDBJ accession no. AB058393) by direct sequencing of PCR products, and the sequence revealed that the cpc operon of Synechocystis PCC 6714 is composed of cpcB, cpcA, cpcC1, cpcC2 and cpcD, in that order. The gene organization in Synechocystis PCC 6714 is the same as that in Synechocystis PCC 6803, whose genome sequence has been determined completely (Kaneko et al. 1996) . This gene organization is different from that of Synechococcus PCC 7942, which has duplicated phycocyanin subunit gene clusters cpcB1A1 and cpcB2A2, but neither cpcC nor cpcD downstream of the cpcA genes. The nucleotide sequence of PD-1 was also determined. The sequence (from the translational start codon of cpcB to 280 bp downstream from the stop codon of cpcD) is exactly the same as that of the wild type. The results of Northern analysis of PD-1 demonstrated that the levels of the cpcB, cpcA, cpcC1, cpcC2 and cpcD transcripts were one-tenth to one-sixth as high as those in the wild type (Fig. 2 , data not shown for cpcA, cpcC1 and cpcC2). However, the mRNA levels of psbA1 and other phycobilisome genes were almost the same in the two cell types. These results indicate that the PC-deficient mutation in PD-1 is due to reduction in the transcription of the cpc operon. Since the sequence of the cpc operon was identical in the two cell types, the mutation in PD-1 was considered to have occurred in a cis-acting element or a trans-acting factor of the operon.
The sequence of the upstream region of the cpc operon
To determine whether or not the mutation had occurred in a cis-acting element, we sequenced the upstream region of the cpc operon ( Fig. 3 for -350 to +24, not shown for -882 to -351, +1 is the translational start codon of cpcB, EMBL/ GenBank/DDBJ accession no. AB058393) since many bacterial operons are known to be regulated by upstream DNA fragments. Base 259 upstream of the predicted initiation codon of the cpc operon was T in the wild type, while it was replaced by C in PD-1. No other difference was observed in the upstream region of the cpc operon between the two cell types. Therefore, this point mutation was assumed to reduce the levels of the transcripts of the cpc operon.
Promoter activity of the cpc operon
To confirm that the nucleotide substitution affects the promoter activity, we constructed vectors for the promoter assay, pANY1 and pANY2, which contained the upstream region of the cpc operon of the wild type and PD-1, respectively, using an available plasmid, pAM1414 (Andersson et al. 2000) . The spectinomycin-resistant transformants of Synechococcus PCC 7942 were checked by PCR using primers 5 and 6. The length of the PCR product of the host cell was 1.0 kb, while those of the transformants with pAM1414, pANY1 and pANY2 were 5.5 kb, 6.3 kb and 6.3 kb, respectively (Fig. 4) . Transformation of Synechococcus PCC 7942 with pAM1414, pANY1 or pANY2 can be performed by either single-crossover recombination or double-crossover recombination (Thiel 1994, see Fig. 7) . The result in Fig. 4 indicates that the transformants obtained in our experiment were obtained by double-crossover recombination and the gene set was inserted into the NSI site of the transformant genome.
The bioluminescence activity of the transformant with pAM1414 was very low, as in the host cells (Fig. 5 ). However, bioluminescence was clearly detected for the transformants with pANY1 and pANY2. This indicates that the upstream region of the cpc operon of each cell type is responsible for the promoter activity. Furthermore, the bioluminescence activities of the transformants with pANY1 were 6-10 times as high as those with pANY2. This result coincided with the tendency shown by Northern analysis of the cpc operon (Fig. 2) . Strictly, the bioluminescence activity reflects the amount of luciferase protein, not the abundance of the luxAB mRNA. However, it can be considered that the bioluminescence activity reflects the mRNA abundance to some extent (see Liu et al. 1995) , when the activity is compared among cells which have been incubated under the same conditions. Then, the result of bioluminescence activity suggests that the mutation in the upstream region of the cpc operon in PD-1 is a cause of reduction of the gene expression. This implies that the reduction of the mRNA Fig. 3 Nucleotide sequence of the upstream region of the cpc operon in the wild type and PD-1. This nucleotide sequence is presented from the translational start codon of cpcB to 350 bp upstream of cpcB. In PD-1, C is substituted for T at 259 bp upstream of the cpcB start codon. Other sequences are identical in the two cell types. Fig. 4 Confirmation of the transformants into whose NSI sites the promoter-lux fusion was introduced. The transformants were confirmed by the lengths of the PCR products. A primer pair, primers 5 and 6, was designed to amplify the 1.0 kb DNA fragment at the NSI site in the Synechococcus PCC 7942 genome. Lanes 1 and 2 are the host and transformant with pAM1414, respectively. Lanes 3 and 4 are the transformants with pANY1, and lanes 5 and 6 the transformants with pANY2. The numerals at the right indicate the lengths of the DNA fragments. levels of the cpc operon in PD-1 is due to the mutation in the cis-acting element, not in a trans-acting factor.
Discussion
The phenotype of PD-1 was deduced from the single-base substitution in the upstream region of the cpc operon. The mutation occurred at 259 bp upstream of the translation start codon. Sequence alignment of the upstream regions of the cpc operons (Fig. 6) indicated that a hexamer sequence, GTATAA, around the -10 region is highly conserved in many cpcBA promoters, as reported previously (Sawaki et al. 1998) , and that the mutation in PD-1 must have occurred at 3 bp downstream of the putative -10 region in the wild type of Synechocystis PCC 6714. This suggests that the basic transcriptional machinery might be affected by this mutation.
In this study, the promoter activity was measured in Synechococcus PCC 7942 using an available vector, pAM1414. Although Synechococcus PCC 7942 has a different genetic background from Synechocystis PCC6714, for PCC 7942 the promoter assay demonstrated that the promoter activity of the wild-type PCC 6714 DNA fragment was higher than that of the PD-1 DNA fragment, as was shown for the mRNA levels of the cpc operon in the wild type and PD-1 of PCC 6714. This indicates that the promoter activity of the cpc operon is affected by the cis-acting sequence in both cyanobacterial species. In Synechococcus PCC 7942, the mRNA levels of the psbAII (Li et al. 1995) and psbDII (Anandan and Golden 1997) genes have been reported to be regulated by mutation of the cis-acting sequences which are located downstream from the promoters, i.e. within the untranslated leader regions. For Synechocystis PCC 6803, mutational analyses of promoter elements have also been performed for the secA (Mazouni et al. 1998 ) and gap2 (Figge et al. 2000) genes by monitoring with the in vivo CAT reporter assay. These reports have shown that the transcriptional activity is decreased by the mutation of conserved elements in the promoter region including the -10 element, or in cis-acting elements lying upstream of the promoter region or in the untranslated leader region, whose transfactor- Fig. 6 Sequence alignment of the upstream region of the cpc operon. The upstream sequences of cpcB from Synechocystis PCC 6714 (this study), Synechocystis PCC 6803 (Plank et al. 1995 , Kaneko et al. 1996 , Synechocystis PCC 6701 (Anderson and Grossman 1990) , Synechocystis PCC 9413 (Neuschaefer-Rube et al. 2000) , Synechococcus PCC 7002 (Gasparich 1989) , Synechococcus PCC 6301/7942 (Kalla et al. 1988 , Sawaki et al. 1998 , Anabaena PCC 7120 (Belknap and Haselkorn 1987) and Calothrix PCC 7601 (Conley et al. 1988 ) are aligned. The asterisks indicate the conserved sequence around the -10 region. The numerals at both ends of the sequence indicate the nucleotide positions from the translational start codon. The transcriptional start sites are indicated by boxes. The mutation site in PD-1 is indicated by a circle.
a The cpcB1A1 gene clusters of Synechococcus PCC 6301 and 7942 are identical, but the cpcHID genes do not exist in the downstream from the cpcB1A1 of PCC 7942.
Fig. 7
Construction of plasmids for the promoter assay. The upstream region of the cpc operon of the wild type (for pANY1) and PD-1 (for pANY2) was ligated into the cloning sites, NotI and BamHI, of pAM1414. The plasmids have a segment of DNA from the Synechococcus PCC 7942 chromosome (NSI) that mediates homologous recombination with the chromosome. binding activity has been shown by DNA footprinting. On the other hand, the mutation in PD-1 is a single-base substitution in the short spacer between the 3¢ end of the -10 region and the transcriptional initiation site, which is not conserved in cpc operons, as shown in Fig. 6 . Therefore, the mutation possibly affects the stability of the transcriptional initiation-complex formation between RNA polymerase and the promoter (Ishihama 1993 , de Haseth et al. 1998 , Li and McClure 1998 . Transcriptional regulation by the short spacer has not been reported so much in vivo for bacteria including cyanobacteria. We are now continuing the research to clarify the relationships between the stability of the transcriptional initiation-complex and the sequence of the short spacer by performing experiments both in vivo and in vitro.
Photosynthetic organisms have the ability to change their antenna size and the stoichiometry of their photosystems; the antenna becomes large under low light intensity and small under high light intensity, and the PSI/PSII ratio decreases as the light intensity increases. These changes are known to represent acclimation to the light environment (Fujita et al. 1987 , Samson et al. 1994 . The wild type and PD-1 of Synechocystis PCC 6714 could also change their antenna size and photosystem ratio as the light intensity was altered Ueda 1997, Nakajima and Ueda 1999) . However, the antenna size of the wild type was clearly larger than that of PD-1 at various light intensities examined. This indicates that the mutation in the upstream region of the cpc operon is involved in the promoter activity which determines efficiency of transcription, regardless of acclimation to the light intensity.
We evaluated the in vivo transcription activities of the cpc operon of Synechocystis PCC 6714 in Synechococcus PCC 7942 (Fig. 5) . Strictly, the promoter activity ought to be evaluated in PCC 6714 or related species such as PCC 6803. Actually, the transformation of PCC 6714 was reported to be performable by conjugation (Astier and Espardellier 1976) . However, to investigate whether the cause of transcriptional regulation was attributed to the cis-acting element or transacting factors, we dare to evaluate the promoter activities in PCC 7942 using an available plasmid, pAM1414, which has been constructed for transformation of PCC 7942. The result suggests that the transcriptional level in PCC 7942 is controlled, as in PCC 6714 (Fig. 2) . The cis-acting element is available not only for Synechocystis PCC 6714 but also Synechococcus PCC 7942.
The improvement of microalgal productivity is an urgent problem for microalgal mass production. We analyzed the wild type and PD-1 of Synechocystis PCC 6714 to evaluate the effects of the LHP content on photosynthesis and productivity, and demonstrated that a reduction of LHP is effective for this problem, especially in mid to full sunlight Ueda 1999, Nakajima et al. 2001) . The results of this report indicate a gene manipulation strategy for improving microalgal productivity. In most cyanobacteria, PC is the major LHP of the PSII components. Therefore, techniques for site-directed mutagenesis of the cpc promoter in other commercial strains or exchange of the promoter to that of PD-1 will be valuable for microalgal mass production.
Materials and Methods
Cells and culture conditions
The mutant strain, PD-1, of Synechocystis PCC 6714 was kindly supplied by Prof. Fujita of Fukui Prefectural University. The wild type and PD-1 mutant of Synechocystis PCC 6714 were cultured under white light at 25°C in an MDM medium (Watanabe 1960 ) with a supply of air containing 1% CO 2 (Nakajima and Ueda 1997). The culture was conducted in an oblong flask at 50 mmol photon m -2 s -1 . Cells in the late exponential growth phase were used for DNA and RNA extraction.
In order to determine the promoter activity of the cpc operon, Synechococcus PCC 7942 was used as a host, and was cultured under white light at 30°C in BG11 medium (Rippka et al. 1979 ) with a sup- 
5¢-ACAGATCCAAGGACGCATTC-3¢ For amplification of the cpc operon primer 1 5¢-TTGAAGCGGAAATCAAAGCT-3¢ primer 2 5¢-GTGAAGGTTGCGTAGGTAAC-3¢ primer 3 5¢-ATAAGAATGCGGCCGCTAAACTATT GCCAGGAAAACTATCACATC-3¢ primer 4 5¢-CGCGGATCCATTAATCTCCTACTT-3¢ For confirmation of homologous recombination primer 5 5¢-GACGAGGCCATTGAAGAAGG-3¢ primer 6 5¢-TACGCTGCAAGTCCAGAAC-3¢
ply of air containing 3% CO 2 . The culture was conducted in an oblong flask at 50 mmol photons m -2 s -1 , and cells in the exponential growth phase were harvested for transformation and measurement of bioluminescence.
Escherichia coli DH5a (Hanahan 1983 ) was used for DNA manipulation, and bacterial cells were cultured in an LB medium at 37°C (Sambrook et al. 1989) . A plasmid, pAM1414 (Andersson et al. 2000) , which was kindly provided by Prof. Golden of Texas A&M University, was used as a vector for the construction of promoterreporter fusions. This plasmid carries the promoterless luxAB gene of Vibrio harveyi, two parts of the neutral site I (NSI) of Synechococcus PCC 7942, a spectinomycin-resistant gene and pBR322 replicon.
Isolation of DNA and RNA from Synechocystis PCC 6714
Genomic DNA of Synechocystis PCC 6714, as a template for the PCR reaction, was isolated using a GNOME kit (Qbiogene, Carlsbad, CA, U.S.A.) or a GenomicPrep TM (Amersham Pharmacia Biotech, Buckinghamshire, U.K.) according to the supplier's manual.
Total RNA was prepared by the hot-phenol extraction method as follows from the wild type and PD-1 mutant of Synechocystis PCC 6714. Cells were harvested by centrifugation (3,000´g, 10 min), and then suspended in 3 ml of 20 mM sodium acetate containing 0.5% SDS and 1 mM EDTA. An equal volume of buffered phenol was added to the above cell suspension (3 ml), followed by incubation for 10 min at 60°C. The suspension was then placed on ice for 10 min and centrifuged at 12,000´g for 10 min. The aqueous phase was collected and extracted with chloroform, and the aqueous phase obtained was then used for ethanol precipitation. The precipitate was dissolved with DEPC-treated water and then purified by the CsCl ultracentrifugation method (Sambrook et al. 1989) .
Northern blot analysis
Equal amounts of total RNA (3 mg per well) were separated by electrophoresis in formaldehyde-containing gels and then transferred to nylon membranes (Sambrook et al. 1989 ). The RNA fixed on the membranes was then hybridized with radiolabeled nucleic acid probes for the cpcA, cpcB, cpcC1, cpcC2, cpcD, cpcE, cpcF, cpcG1, cpcG2 , apcA and psbAI genes. These probes were prepared by means of the PCR reaction using the primers listed in Table 1 , which were designed with reference to the sequence of Synechocystis PCC 6803 (Kaneko et al. 1996) . The probes, except those for cpcF and cpcG1, were obtained with Synechocystis PCC 6714 DNA as a template, those for cpcF and cpcG1 being amplified using Synechocystis PCC 6803 DNA since the amplification of Synechocystis PCC 6714 was difficult. The probes obtained were confirmed by direct sequencing and then labeled with [a-32 P]dCTP by the random primer method (Sambrook et al. 1989 ).
Transformation of Synechococcus PCC 7942 for the promoter assay
DNA fragments (3.6 kbp) which include the upstream region and a part of the cpcB gene (-3342 to +296, +1 is the translational start codon) were amplified by means of the PCR reaction using primers 1 and 2. The upstream region of cpcB was sequenced with primer 2, and then primers (primers 3 and 4) were designed to obtain DNA fragments (763 bp, -767 to -4) of the upstream region of cpcB. The DNA fragments amplified using the wild-type and PD-1 DNA were ligated into NotI/BamHI-digested pAM1414 to construct pANY1 and pANY2, respectively (Fig. 7) . Plasmids which exhibited no misreading by Taq DNA polymerase were selected by nucleotide sequencing.
The Synechococcus PCC 7942 without any plasmid was transformed with pANY1 or pANY2, which yielded spectinomycinresistant colonies. These transformants carried the upstream region of cpcB and the luxAB fusion at the neutral site I (NSI) of the chromosome, as a result of homologous recombination.
Assaying of bioluminescence
The in vivo bioluminescence of the transformants of Synechococcus PCC 7942 was measured by the method described by Maeda et al. (1998) . One hundred ml of a cell suspension containing 0.1-50 pmol of Chl was transferred to a test tube and then mixed with 2 ml of a 0.1% n-decanal emulsion. The bioluminescence of the cell suspension was determined with a luminometer (Lumat LB9501, Germany) immediately after the addition of n-decanal. The intensity of the bioluminescence was expressed in RLU per minute per micromole of Chl. Chl was repeatedly extracted with hot acetone (80% v/v), and its content was calculated using the coefficients of MacKinney (1941) .
